The flaviviruses cause globally significant human diseases and include tick-borne encephalitis (TBEV), dengue (DEN), Japanese encephalitis (JEV), West Nile (WNV), and yellow fever (YFV) viruses. There is currently no specific treatment for infection with any of these viruses, although interferon (IFN) has been trialed as a potential therapeutic (22, 25) . IFN is a crucial element of the innate immune response to flavivirus infection, restricting virus replication, dissemination, and lethality in mouse models (1, 24) . However, all flaviviruses examined thus far, including Langat virus ( LGTV, a member of the TBEV serogroup) (2) , JEV (14, 15) , WNV (8) , and DEN (10, 18) , suppress IFN-mediated Janus kinase-signal transducer and activator of transcription (JAK-STAT) signal transduction (19) . In response to stimulation with IFNs, these viruses compromise the phosphorylation, and hence activation, of JAKs, resulting in suppressed downstream signaling events, including STAT phosphorylation and nuclear translocation. It has recently been shown that the relative ability of WNV strains to suppress JAK-STAT signal transduction is a major virulence determinant (11) . Thus, determining the precise mechanisms by which flaviviruses suppress IFN signaling is important to the understanding of flavivirus pathogenesis as well as to the development of novel antiviral therapeutics.
We previously demonstrated that LGTV utilizes its nonstructural protein NS5 to inhibit IFN-mediated JAK-STAT signaling (2) . Recently, JEV was also demonstrated to employ NS5 to suppress IFN-mediated JAK-STAT signaling (14) . NS5 is the largest of the flavivirus nonstructural proteins at approximately 900 amino acids in length. It contributes two enzymatic domains required for RNA replication, the N-terminal Sadenosyl methionine-dependent methyltransferase (MTase) located between amino acids 1 and 296 (7, 23 ) and a C-terminal RNA-dependent RNA polymerase (RdRP) (12) . RdRPs are defined by eight conserved motifs (I through VIII) (5, 12, 20) that, in LGTV NS5, occur between residues 456 and 735 and have an overall shape resembling a right hand with finger, palm, and thumb subdomains. Although the functions of NS5 in virus replication are relatively well characterized, the amino acid residues responsible for NS5-mediated antagonism of JAK-STAT signaling are not well defined.
In this report, we have defined the amino acid residues within LGTV NS5 required for its function as an IFN antagonist. We first examined the ability of various N-and C-terminal truncation constructs of NS5 to suppress the tyrosine phosphorylation of STAT1 (pY-STAT1) by flow cytometry analysis and immunofluorescence assay (IFA). The results demonstrated the minimal sequence of NS5 required for its IFNinhibitory function to be amino acids 355 to 735, which map within the RdRP domain. We then further defined specific residues involved in IFN antagonism by using random and site-directed mutagenesis. These results demonstrated the presence of two noncontiguous sites within residues 355 to 735 requisite for the suppression of pY-STAT1. Together, these residues may form a unique functional site on the RdRP responsible for IFN antagonism.
MATERIALS AND METHODS
Cloning and transfection. The LGTV E5 infectious cDNA clone provided by A. Pletnev (National Institute of Allergy and Infectious Diseases [NIAID], NIH) (4) served as a template for the cloning of LGTV NS5. DEN serotype 4 (DEN4) NS5 was cloned from the DEN4 p4-1#3 infectious clone provided by S. Whitehead (NIAID, NIH) (6) . Each gene was PCR amplified and directionally cloned into the Gateway entry vector, pENTR/SD/D-TOPO (Invitrogen, Carlsbad, CA), followed by recombination into pcDNA6.2DEST/V5 (Invitrogen) to generate C-terminal V5 epitope-tagged LGTV or DEN4 NS5 (2). C-terminal and Nterminal truncation constructs were generated in the same way using LGTV NS5 in pcDNA6.2DEST/V5 as a template. All primers used for full-length and truncated expression constructs are detailed in Tables 1 and 2 . The sequence of each construct was verified by DNA sequencing. Constructs were transfected into Vero cells (ATCC, Manassas, VA) in six-well plates or in eight-well Labtek slides (Fisher Scientific, Pittsburgh, PA) using Liptofectamine LTX and OptiMEM (Invitrogen) according to the manufacturer's instructions. DNA constructs were allowed to express for 24 h prior to the 15-min treatment with 1,000 U/ml of recombinant human beta IFN (IFN-␤) (R&D Systems, Minneapolis, MN).
To generate LGTV/DEN4 NS5 chimeras, LGTV NS5 cDNA was PCR amplified with a 5Ј primer containing an MfeI site and a 3Ј primer containing an MscI site (Table 2 ) and ligated into the pCR2.1 (Invitrogen) cloning vector. The resulting plasmid was digested with MfeI and MscI, followed by gel purification of the insert and ligation into the similarly digested DEN4 NS5 cDNA (in pENTR/SD/D-TOPO vector; using existing MfeI and MscI sites at nucleotides 1134 and 2335, respectively). To engineer the LGTV/DEN4 NS5 MscI-MscI chimera, an additional MscI site was introduced into DEN4 NS5 cDNA by site-directed mutagenesis at nucleotides 988 to 993 (Table 2) , followed by digestion with MscI. To obtain the compatible insert, a fragment of LGTV NS5 from nucleotides 660 to 2334 was amplified by PCR with the same 3Ј primer (see above) containing the MscI site and the 5Ј LGTV NS5 220F primer (Table 1) and ligated into pCR2.1. This construct was digested with MscI to yield an insert containing nucleotides 993 to 2334 that was then ligated into the modified DEN4 NS5 cDNA described above.
LGTV/DEN4 NS5 MfeI-MscI and MscI-MscI chimeras were confirmed by digestion and DNA sequencing in the pENTR/SD/ D-TOPO vector before recombination into pcDNA6.2DEST/V5 to generate C-terminal V5 epitope-tagged chimeric constructs (see Fig. 2A ). Expression in Vero cells was confirmed by Western blotting and IFA using an anti-V5 monoclonal antibody.
Random and site-directed mutagenesis. The truncated LGTV NS5 sequence representing amino acids 342 to 735 in pENTR/SD/D-TOPO was subjected to random mutagenesis using a GeneMorph II EZclone Domain mutagenesis kit (Stratagene, Cedar Creek, TX) with 100 ng of template DNA per reaction. The resulting mutants were sequenced and recombined into pcDNA6.2DEST/V5 for expression in Vero cells and testing of their ability to inhibit IFN-mediated JAK-STAT signaling by IFA. Site-directed mutants were made using a QuikChange XL site-directed mutagenesis kit according to the manufacturer's instructions (Stratagene). Details of the mutational primer sequences can be obtained from the authors. Mutants were confirmed by DNA sequencing, recombined into pcDNA6.2DEST/V5, expressed in Vero cells, and tested for their ability to inhibit JAK-STAT signaling by IFA. Mutations conferring an altered phenotype by IFA were introduced into full-length NS5 and tested by IFA and flow cytometry.
Western blot analysis.
Western blots on total cell lysates were performed as previously described (2) . The primary antibodies used were anti-V5 conjugated to horseradish peroxidase (Invitrogen) at 1:5,000 and mouse anti-␤-actin (Sigma, St. Louis, MO) at 1:10,000. The secondary antibody used was horseradish peroxidase-conjugated goat anti-mouse (1:2,000; DAKO, Glostrup, Denmark).
Flow cytometry. Vero cells transfected with various NS5 expression constructs were treated with IFN-␤ for 15 min, washed twice in cold Dulbecco's phosphatebuffered saline and trypsinized for 10 min at 37°C to dislodge cells. Cells were resuspended in freshly prepared 2% paraformaldehyde/Dulbecco's phosphatebuffered saline and incubated for 10 min at 37°C, followed by permeabilization in 90% methanol for 10 min on ice. The cells were washed once in stain buffer (BD Pharmingen, San Diego, CA), followed by incubation with anti-pY(701)-STAT1 conjugated to AlexaFluor 647 (BD Pharmingen) and anti-V5 conjugated to fluorescein isothiocyanate (1:1,000; Invitrogen) for 45 min at room temperature in the dark. AlexaFluor 647-and fluorescein isothiocyanate-conjugated mouse immunoglobulin G2a (IgG2a) were used as isotype controls. Cells were washed once in stain buffer and analyzed using a FACSAria flow cytometer (BD Biosciences) and FlowJo software, version 7.1 (Tree Star). After gating on V5-positive cells, the percent pY-STAT1 inhibition was determined as the fraction of V5-positive cells that were pY-STAT1 negative.
IFAs. Epitope-tagged NS5 protein expression and pY-STAT1 were examined as previously described (2) .
Sequence alignment and structural modeling. The amino acid sequences corresponding to NS5 from LGTV (GenBank accession no. AF253420), Western TBEV (strain Hypr; GenBank accession no. AAB53095), JEV (RP-9; GenBank accession no. AF014161), WNV (NY99-flamingo382-99; GenBank accession no. AF196835), DEN4 (GenBank accession no. AY648301), DEN2 (GenBank accession no. NC_001474), and YFV (Asibi; GenBank accession no. AY640589) were aligned using Clustal W alignment within DNAstar. The homologous amino acids of LGTV important for JAK-STAT signaling were modeled on the WNV NS5 structure (Protein Data Bank code 2HFZ) (17) using PyMol.
Statistical analysis. Data from flow cytometry was analyzed by analysis of variance (ANOVA) with Tukey's posttest to determine significant differences (P Ͻ 0.05) between individual groups.
RESULTS
Identification of the domain within NS5 required for JAK-STAT antagonism. Our previous results demonstrated that expression of LGTV NS5 in the absence of other viral proteins prevented the accumulation of pY-STAT1 in response to IFN-␤ (2). To determine the subregion of LGTV NS5 required for this antagonism of IFN-mediated JAK-STAT signaling, a series of N-and C-terminally truncated LGTV NS5 expression constructs were made, each in frame with a C-terminal V5 epitope tag (Fig. 1A) . These constructs were transfected into Vero cells, and their expression and expected molecular mass were verified by Western blotting (Fig. 1B) .
To test the ability of each NS5 construct to impede JAK-STAT signaling, flow cytometry was performed with permeabilized, IFN-␤-stimulated Vero cells expressing each V5-fusion protein using antibodies that recognize pY-STAT1 and V5. The use of flow cytometry to measure the phosphorylation status of STAT1 LGT NS5 1F
a Bases in italics were added to the 5Ј primers to facilitate cloning into the TOPO Gateway system (Invitrogen). 
a Bases in italics were added to the 5Ј primers to facilitate cloning into the TOPO Gateway system (Invitrogen). Underlined bases indicate engineered restriction endonuclease sites. Following systematic removal of 25% or 50% of the NS5 coding sequence (the five clones represented in Fig. 1A, 1-685 to 221-685), only the expression of the NS5 construct from residues 221 to 903 (NS5:221-903) retained a wild-type (WT) phenotype in which approximately 90% of V5-positive cells were pY-STAT1 negative (Fig. 1A and D) . We found that NS5 expression constructs progressively truncated from the C terminus to residue 735 retained a WT phenotype of inhibition (Fig. 1D, NS5 :342-735 and NS5:355-735). However, the removal of an additional four C-terminal amino acids to residue 731 significantly reduced the ability of NS5 to inhibit IFNmediated JAK-STAT signal transduction (Fig. 1D) . The N terminus of LGTV NS5 could be truncated as far as amino acid 355 and still retain the WT phenotype in this assay ( Fig. 1C and  D) . However, additional N-terminal truncation of LGTV NS5 to residue 370 resulted in a construct with a mutant phenotype, in that pY-STAT1 was present in the majority of NS5:370-735-expressing cells treated with IFN-␤ ( Fig. 1C and D) . The results obtained by flow cytometry were confirmed visually using IFA (Fig. 1E ). Vero cells expressing NS5:221-903 or NS5:355-735 were generally negative for pY-STAT1, whereas cells expressing NS5:370-735 or NS5:342-731 contained measurable pY-STAT1. Together, these studies suggested that the minimal linear sequence of NS5 required for WT inhibition of JAK-STAT signaling was contained within residues 355 to 735. Strikingly, this region overlaps with the finger region and the eight conserved motifs of the LGTV RdRP (shown in detail in Fig. 4) , suggesting that the RdRP domain has a central role in IFN antagonism.
Construction of DEN4/LGTV NS5 chimeras. The minimal linear sequence of LGTV NS5 (NS5:355-735) required for a WT phenotype of JAK-STAT antagonism is 380 amino acids in length. It is possible that the strict sequence requirement for this function is actually shorter, with truncation to less than NS5:355-735 resulting in structural instability and loss of function. To address this issue, we wanted to express the inhibitory domain in the context of a full-length NS5 molecule. DEN NS5 is not an efficient inhibitor of JAK-STAT signaling (18) but is approximately 40% identical to LGTV NS5 at the amino acid level and has a similar predicted secondary structure. Hence, we constructed two NS5 chimeras between the LGTV and DEN4 NS5 molecules in an attempt to transfer the LGTV JAK-STAT inhibitory domain to DEN4 NS5. The two chimeric constructs contained DEN4 NS5 as the backbone with the central region derived from LGTV NS5 (Fig. 2A) . The Cterminal LGTV NS5/DEN4 NS5 border was kept constant in both chimeras, occurring at amino acids 778 to 779. The Nterminal border of LGTV NS5 was bounded either at residues 379 to 380 (DEN4/LGTV NS5 MfeI-MscI) or at residue 332 (DEN4/LGTV NS5 MscI-MscI). Only the latter chimera encompassed the entire LGTV NS5 inhibitory domain identified above (residues 355 to 735).
Following expression in Vero cells and treatment with IFN-␤, the ability of each protein to prevent nuclear accumulation of pY-STAT1 was examined by flow cytometry and IFA ( Fig. 2B and C) . As expected, DEN4 NS5 did not efficiently inhibit JAK-STAT signal transduction in Vero cells compared to LGTV NS5. However, expression of the DEN4/LGTV NS5 MscI-MscI chimera resulted in suppression of both phosphorylation ( Fig. 2B ) and nuclear localization (Fig. 2C ) of STAT1, similar to that observed following expression of full-length LGTV NS5. In contrast, DEN4/LGTV NS5 MfeI-MscI containing the shorter LGTV sequence was not significantly different from WT DEN4 NS5 (Fig. 2B) . Thus, incorporation of the LGTV NS5 JAK-STAT inhibitory domain into DEN4 NS5 is sufficient to render the chimeric protein an efficient inhibitor of JAK-STAT signaling. These results suggest that the mutant phenotype of inhibition associated with truncation of the N terminus beyond amino acid 355 is due to removal of residues involved in the suppression of signaling and is not due simply to structural instability of those proteins. Furthermore, these results suggest that LGTV-specific amino acids that are essential for JAK-STAT antagonism exist between amino acids 355 and 380.
Random and site-directed mutagenesis of LGTV NS5:342-735. To further explore the critical sequence requirements for antagonism of IFN responses, NS5:342-735 cDNA was subjected to random mutagenesis such that each clone generated contained an average of between one and four coding changes. A total of 288 clones were transfected into Vero cells and screened for their ability to inhibit IFN-mediated JAK-STAT signaling by IFA. The criterion in the initial IFA for stating that a mutant had an altered ability to prevent JAK-STAT signaling was that detectable nuclear pY-STAT1 was present in at least 20% of V5-positive cells. The sequence of each clone was also determined, which indicated that, collectively, these clones represented changes in ϳ66% of the amino acid sequence.
The precise clone information for the random mutants is depicted in Fig. 3A . Each individual clone demonstrating a As an example of how to use the tables in Fig. 3 , take clone number 11 in blue (clone 3E10) listed at the bottom of Fig. 3A . The expression of this clone exhibited a mutant phenotype of pY-STAT1 inhibition and contained two amino acid substitutions at A474V and L555H (the substitutions in clone 3E10 are represented in blue under the respective WT amino acid; these blue boxes also contain the number 11, referring to blue clone 11). However, the coding change at A474V was also found in a clone exhibiting a WT phenotype of JAK-STAT inhibition (represented in light pink), suggesting that A474 does not significantly contribute to the function of the IFN antagonist domain and that L555 may have a role. We worked our way through all clones using this process of elimination, which is summarized in Fig. 3B . In this table, residues thought not to contribute to IFN antagonism, including A474, are represented in white, while those that could not be ruled out retain their original color coding. Using this process of elimination, two predominant areas of NS5 that may directly contribute to IFN antagonism were identified; these are between residues 547 and 556 and between residues 619 and 630 (Fig. 3B , large open blue boxes).
Based on this information and the results from the LGTV/ DEN4 NS5 chimeras, individual residues were chosen for sitedirected mutagenesis to Ala (A). However, if the LGTV NS5 sequence at that residue coded for an Ala, the residue was then mutated to the corresponding residue of the DEN4 NS5 sequence. In addition to the substitutions suggested by the random mutagenesis studies, site-directed mutations were made to ablate potential functional sites in LGTV NS5:342-735. These included mutations at predicted phosphorylation sites (3), as well as a 663 GDD 665 -to-663 GAA 665 double mutant to disrupt the RdRP active site (16, 20) . All site-directed mutants were again expressed in Vero cells and examined for their ability to inhibit JAK-STAT signaling by IFA. Important mutations in NS5:342-735 were subsequently introduced into the full-length LGTV NS5 to confirm their importance in the context of the entire molecule by flow cytometry.
The summary of the site-directed mutagenesis studies is presented in Fig. 4A . A total of 53 unique site-directed mutant clones of LGTV NS5:342-735 were examined by IFA. Those mutants that retained a WT phenotype of inhibition are demonstrated by yellow boxes in Fig. 4A , whereas those that exhibited a mutant phenotype are represented in red. Examples of the ability of selected site-directed mutants of NS5:342-735 to inhibit IFN-␤-mediated pY-STAT1 by IFA are shown in Fig. 4B .
Initially, three noncontiguous stretches of amino acids were demonstrated as important for the function of LGTV NS5 as an antagonist of IFN signal transduction (Fig. 4A) . The first stretch lay between amino acids 374 and 380, with R376 and D380 determined to be critical since their mutation to Ala reduced the ability of full-length NS5 to prevent nuclear accumulation of pY-STAT1 by at least 60% (Fig. 4C) . These residues lie within the most N-terminal portion (amino acids 355 to 380) of the LGTV NS5 domain responsible for JAK-STAT inhibition, as determined both by N-terminal truncation and by the DEN4/LGTV NS5 chimeras.
The second area of importance consisted of two residues examined in the context of a double mutation, LR555/556AA. However, while NS5:342-735 containing the LR555/556AA double mutation displayed a marked change in the phenotype of pY-STAT1 by IFA (Fig. 4B) , the introduction of this mutation into full-length NS5 resulted in a WT phenotype by flow cytometry (Fig. 4C) . This result suggests that LR555/556AA affects the JAK-STAT antagonist domain when expressed in isolation from the remainder of NS5 but has minimal influence on this function in the context of full-length NS5.
The third stretch of residues implicated in JAK-STAT inhibition lay between amino acids 624 and 647. The full-length NS5 mutant containing VI630/631AA exhibited poor expression and thus was not included in the analysis by flow cytometry. However, full-length NS5 constructs containing mutations at E626, E628, and W647 had at least a 60% reduction in their ability to inhibit JAK-STAT signaling (Fig. 4C) .
These mutagenesis studies also defined residues within the RdRP that were not involved in JAK-STAT antagonism (Fig. 4A, yellow boxes) . Most notably, the RdRP active site double mutant (DD664/665AA) retained a WT phenotype of inhibition ( Fig. 4B and C) . Residues predicted to be phosphorylated at S390, S396, S422, S504, T536, T544, S585, S636, Y680, T688, T692, and S703 were shown by either random (Fig. 3B) or site-directed mutagenesis (Fig. 4A ) not to be critical to NS5-mediated inhibition of JAK-STAT signaling. These studies did not address the role of five additional predicted phosphorylation sites, namely, T362, S414, S503, S657, and S662.
Structural modeling of homologous Flaviviridae RdRPs. The atomic structures of RdRP domains from two closely related flaviviruses, WNV and DEN, have recently been reported (17, 26) . To further understand the potential of residues identified as critical for NS5-mediated antagonism of JAK-STAT signaling, we aligned the LGTV NS5 protein sequence with those from WNV, DEN2, and DEN4 as well as TBEV, JEV, and YFV ( Fig. 5A to C) . The homologous amino acids of interest based on the mutagenesis studies were then modeled on the WNV RdRP three-dimensional structure (Fig. 5D) , which is approximately 63% identical at the amino acid level to that of the LGTV RdRP domain.
The residues identified as important in the N terminus of the JAK-STAT inhibitory domain (374 to 380; IMR. . .D) (Fig.  5D ) lie within an alpha helix of the WNV finger subdomain. The second residue cluster (624 to 647; M.E.E.VIX 15 W) (Fig.  5D ) originates toward the end of an alpha helix and extends into a loop structure and a second alpha helix of the palm subdomain. Despite the substantial linear distance (250 amino acids) between the two amino acid stretches identified by mutagenesis, the two regions model proximal to each other, on the lower outer left of the WNV RdRP structure. While the residues LR555/556 also modeled in the same general region of the RdRP (Fig. 5D) , they appear not to contribute to the same pocket occupied by the other residues of interest on the RdRP domain. This potentially explains their minimal contribution to inhibition in the context of full-length NS5. Taken together, the results from the homologous RdRP model and the ability to inhibit pY-STAT1 in the context of full-length NS5 suggest that LGTV NS5:374-380 and NS5:624-647 act cooperatively on the LGTV RdRP structure to suppress IFN-stimulated JAK-STAT signaling. 
DISCUSSION
The NS5 protein of both LGTV and JEV mediates multiple indispensable and distinct functions during replication. The RdRP and MTase domains are obligatory for RNA replication, whereas a third domain confers resistance to IFN via inhibition of JAK-STAT signal transduction (2, 14) . The structure and function of the RdRP and MTase are relatively well characterized, although the domain responsible for JAK-STAT inhibition was largely unknown. In this work, we first identified the linear domain within LGTV NS5 responsible for JAK-STAT inhibition as residing between amino acid residues 355 and 735 (Fig. 1) . This domain overlaps precisely with conserved features of the RdRP, namely the finger region and the eight conserved RdRP motifs (Fig. 4) . The superimposition of the JAK-STAT inhibitory domain within the RdRP suggests an inextricable evolutionary relationship between RNA replication and IFN resistance.
By analyzing an extensive panel of mutants, we further refined the specific amino acids critical for the function of NS5 as a suppressor of IFN-mediated signaling. These residues clustered in two short, noncontiguous stretches of amino acids within the JAK-STAT inhibitory domain. The first of these, residues 374 to 380, resides within the RdRP finger domain, whereas residues 624 to 647 belong to the RdRP palm domain. Despite their significant separation on the linear NS5 sequence, the two amino acid groups localize adjacent to one another when modeled on the crystal structure of the WNV RdRP (17) (Fig. 5) . Taken together, these results strongly suggest that the specific amino acids identified by mutagenesis contribute to a unique functional site on the polymerase responsible for the disruption of JAK-STAT signaling.
The IFN antagonist function of the RdRP did not appear to depend upon key motifs necessary for RdRP activity. Each of the eight conserved motifs within the Flaviviridae RdRP contain residues involved in RNA replication, functioning in template binding (motif II), binding catalytic ions (motif VI, which contains the RdRP active site, GDD), and GTP or NTP binding (motifs I, III, IV, V, VII, and VIII) (5). Conserved residues within each motif are obligatory for HCV RdRP activity (16, 20) or contribute to the GTP binding site of BVDV RdRP (5). In the course of our studies, mutation of many conserved residues critical for GTP or NTP binding in motifs I (for LGTV NS5, M456 and K458), II (R473), IV (D540), V (T608 and N612), and VI (DD664/665) had no effect on NS5-mediated inhibition of JAK-STAT signaling (Fig. 3A and 4A) . Notably, the DD664/665AA site-directed double mutant of LGTV NS5 should be incapable of RdRP activity (9, 13, 16, 20) , but this mutation had no effect on nuclear accumulation of pY-STAT1. Thus, while the IFN-antagonist function of NS5 will certainly be affected by structural alterations in the RdRP, neither the RdRP active site nor an intact GTP binding site are required. However, the RdRP activity of LGTV NS5 containing specific mutations in 374 to 380 and 624 to 647 must be tested to determine if polymerase activity and JAK-STAT inhibition are strictly independent.
The precise mechanism of JAK-STAT inhibition by NS5 is not known. In the current study, four of the five mutant expression constructs exhibiting a strong change in the phenotype of pY-STAT1 inhibition contained substitutions for charged residues (R376, D380, E626, and E628), which would be expected to reside on the surface of NS5. Hence, these residues are potential mediators of the protein-protein interactions involved in the suppression of JAK-STAT signal transduction. We previously identified an association between LGTV and IFN receptor complexes (2) and are currently working to determine if this association is affected by key mutations in NS5. The finding that the C-terminal border of the LGTV NS5 JAK-STAT antagonist domain occurs near residue 735 is consistent with work by Lin et al. whereby the IFN antagonist function of JEV NS5 was not affected by Cterminal truncation to residue 762 but was compromised following further truncation to residue 667 (14) . However, in contrast to our results, N-terminal deletion of the first 84 or 167 residues of JEV NS5 abrogated its function as an IFN antagonist. Despite these differences between studies, it remains possible that the JAK-STAT inhibitory domains in LGTV and JEV are similarly located in the proteins. A simple explanation of the differences between studies is that the Nterminal deletion series we made in LGTV NS5 were more structurally favorable and retained the nascent properties of the protein.
Inhibition of JAK phosphorylation by JEV NS5 was associated with protein tyrosine phosphatase (PTP) activity (14) . Significant PTPs involved in the normal negative regulation of JAK-STAT signal transduction include Src homology 2 (SH2) domain containing tyrosine phosphatase 1 (SHP-1) and SHP-2, PTP1B/T-cell PTP, and CD45. Specific inhibition of PTP1B and CD45 did not restore the IFN antagonist activity of JEV NS5 (14) . SHP activation requires substrate recognition of phosphorylated tyrosine residues (21) . We mutated every tyrosine residue within LGTV NS5:355-735 by random or sitedirected mutagenesis with no effect on IFN-stimulated nuclear accumulation of pY-STAT1. Hence, it is unlikely that phosphorylated tyrosines within NS5 serve as substrates to directly activate SHPs. However, indirect activation of these phosphatases by NS5 may occur, such as through the activation of additional kinases that positively regulate PTPs. Alternatively, noncanonical PTPs may also be invoked. Importantly, although JAK-STAT signaling is regulated via a series of tyrosine phosphorylation events, our results suggest that NS5's function as a JAK-STAT antagonist is not itself directly mediated by tyrosine phosphorylation.
Results from the LGTV/DEN4 chimeras suggested that LGTV-specific residues exist in the N terminus of the JAK-STAT inhibitory domain and are important for the suppression of pY-STAT1. We found two LGTV NS5 residues, R376 and D380, that were both critical for inhibition and different from the corresponding DEN4 sequence, thus potentially contributing to this virus-specific function of NS5. However, an examination of protein sequences from the broader group of vectorborne viruses showed that these two residues are similar between LGTV and DEN2 NS5 yet different between LGTV and JEV NS5 (Fig. 5A) . Furthermore, the second cluster of LGTV NS5 residues critical for inhibiting JAK-STAT signaling is highly conserved among the vector-borne flaviviruses (Fig.  5C ). Since our results do not identify unique amino acids that correlate with the viruses that utilize NS5 as their predominant JAK-STAT antagonist (14, 18) , additional residues are likely to influence IFN antagonism. Furthermore, structural deviations between the various flavivirus RdRPs may also determine NS5's competence to suppress IFN responses. The recently determined atomic structure of RdRP domains from WNV and DEN (17, 26) can be used to predict, and thus more precisely define, residues involved in the suppression of IFN signaling. This work will provide further insight into the immune evasion strategies utilized by these highly pathogenic viruses. Identification of the specific RdRP residues responsible for the antagonism of IFN responses is an important first step in the development of therapeutics aimed at disrupting this critical aspect of virus pathogenesis.
